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DESCRIPTION 

METHOD FOR PREPARING OXYGEN RADICAL -CONTAINING CALCIUM 
ALUMINATE FILM, AND LAMINATE 

5 

TECHNICAL FIELD 

The present invention relates to a calcium aluminate 
film containing oxygen radicals such as 0 2 ~ or 0~ as 
active oxygen species, at a high concentration, which is 
10 expected to be useful for an application as e.g. an 

oxidation catalyst or an ion conductor, and its laminate. 

BACKGROUND ART 

Oxygen radicals such as 0 2 ~ or O" are one type of 

15 active oxygen, and they are known to perform an important 
role in the oxidation process of organic substances or 
inorganic substances. A wide range of researches have 
been conducted with respect to 0 2 " adsorbed on a solid 
surface of an oxide compound (J.H. Lunsford, Catal . Rev. 

20 8, 135, 1973, M. Che and A.J. Tench, adv. Catal, 32, 1, 
1983) . 

In such researches, 0 2 " is prepared by irradiating 
the surface of an oxide compound with high energy 
radiation such as Y" ra Y s - 
25 As crystals containing 0 2 ~ as constituting anions, 

R0 2 (R=alkali metal) are known, but each of these 
compounds will readily undergo decomposition at a low 



temperature of at most 300°C and can not be used for an 
application as e.g. an oxidation catalyst or an ion 
conductor . 

In 1970, H.B. Bartl et al stated that in 12CaO-7Al 2 0 3 
5 (hereinafter referred to as Ci 2 A 7 ) crystal, among 66 

pieces of oxygen present in a unit cell containing two 
molecules, two pieces are not contained in the network 
and present as "free oxygen" in a space in a cage present 
in the crystal (H.B. Bartl and T. Scheller, Neues Jarhrb. 
10 Mineral., Monatsh. 1970, 547). 

Further, Hosono et al discovered from an electron 
spin resonance measurement that about lxl0 19 /cm 3 of 0 2 ~ 
are included in Ci 2 A 7 crystal synthesized by a solid phase 
reaction in air at a temperature of 1,200°C using CaC0 3 
15 and Al 2 0 3 or Al(OH) 3 as starting materials, and have 
proposed a model such that some of free oxygen are 
present in a cage in the form of 0 2 ~ (H. Hosono and Y. 
Abe,. Inorg. Chem. 26, 1193, 1997). 

Ci 2 A 7 is a stable oxide having a melting point of 
20 1,415°C, and it is expected to be useful as an oxidation 
catalyst, an ion conductor or the like, if it becomes 
possible to increase the amount of 0 2 " to be included, so 
that reversible taking in and discharge will be possible. 
Hosono et al . further conducted a study on the above 
25 C i2 A 7 including 0 2 ~, and obtained Ci 2 A 7 including 0 2 " and 0" 
as active oxygen species at a high concentration of at 
least 10 20 /cm 3 , by using CaC0 3 , Ca(0H) 2 or CaO, and Al 2 0 3 



or Al(OH) 3 , as starting materials and firing them in a 
dry oxidizing atmosphere with an ' oxygen partial pressure 
of at least 10 4 Pa and a steam partial pressure of at 
most 10 2 Pa at a temperature of at least 1,200°C and less 
5 than 1 / 415°C to carry out a solid phase reaction (JP-A- 
2002-3218) . 

DISCLOSURE OF THE INVENTION 

However, when it is desired to industrially utilize 
10 C12A7 containing active oxygen species at a high 

concentration, found by Hosono et al, there is still a 

problem to be solved. 

Namely, when C12A7 containing oxygen radicals at a 

high concentration, is to be used for an application as 
15 e.g. an oxidation catalyst or an ion conductor, it is 

required to be made into various forms suitable for the 

respective applications in order to let it provide 

sufficient functions depending upon the particular 

applications . 

20 Except for a case where C12A7 is used in a powder 

form, it is common to impart a particular form by 
sintering Ci 2 A 7 . Such a sintered body can be produced by 
molding a C12A7 powder, or a mixed powder of a calcium 
compound and an aluminum compound, as the starting 

25 material, into a prescribed shape by means of a mold or 
the like, followed by firing. However, when a large 
sized product such as a plate product having a large 



area, is to be produced, a large scale molding machine or 
firing furnace will be required, which makes the product 
expensive . 

As an idea to solve such a problem, it is 
5 conceivable to form a film of Ci 2 A 7 which can relatively 
easily be made to have a large area. As a specific 
method for forming such a film, a physical vapor 
deposition (PVD) method such as a sputtering method or a 
laser abrasive method, a sol-gel method, or a chemical 
10 vapor deposition (CVD) method may, for example, be 
mentioned, but each of such methods has a problem. 

Namely, a Ci 2 A 7 film obtained by the PVD method or 
the sol -gel method, is amorphous and can not include 
oxygen radicals as it is. In order to convert it to 
15 crystalline C12A7 which is capable of including oxygen 
radicals at a high concentration, it is necessary to 
subject it to thermal treatment at a high temperature of 
at least 1,000°C after the film formation. 

By the CVD method, it is possible to directly form 
20 crystalline C12A7, but the substrate is required to be 
maintained at a high temperature of at least 1,000°C. 
Accordingly, unless the thermal expansion coefficients of 
the C12A7 film and the substrate agree to each other, the 
film tends to be peeled from the substrate during 
25 cooling, or the film tends to undergo cracking. 

As mentioned above, in the conventional method, the 
substrate to obtain a crystalline Ci 2 A 7 film capable of 



including oxygen radicals at a high concentration, is 
required to be durable at a high temperature of at least 
1,000°C, not to react with Ci 2 A 7 at a high temperature and 
to have a thermal expansion coefficient which agrees to 
5 Ci 2 A 7/ and thus, the material for the substrate is 
substantially limited. 

The present inventors have found that the above- 
mentioned problem which the C12A7 sintered body, 
particular the Ci 2 A 7 film, has, can be solved by using a 
10 film-forming method so-called a thermal spraying method 
and further that a laminate excellent in an oxygen ion 
conductivity can be easily obtainable with high 
reproducibility, and thus have arrived at the present 
invention. 

15 Namely, the present invention provides the 

following: 

(1) A method for preparing an oxygen radical-containing 
calcium aluminate film, characterized in that it 
comprises subjecting a powder of oxygen radical - 

20 containing calcium aluminate to thermal spraying. 

(2) The method according to the above (1), wherein the 
oxygen radical content in the oxygen radical-containing 
calcium aluminate is at least 10 20 cm" 3 . 

(3) The method according to the above (1) or (2), wherein 
25 the main mineral phase in the powder of oxygen radical- 
containing calcium aluminate is crystalline 12CaO-7Al 2 0 3 
(C12A7) . 



(4) The method according to the above (3), wherein the 
12CaO-7Al 2 0 3 (Ci 2 A 7 ) is obtained by a solid phase reaction 
of a Ca source and an Al source in a mol ratio of Ca:Al 
being from 0.77:1 to 0.96:1. 

5 (5) The method according to the above (4), wherein the 
solid phase reaction is carried out in a dry oxidizing 
atmosphere having an oxygen partial pressure of at least 
10 4 Pa, a steam partial pressure of at most 10 2 Pa and a 
temperature of from 1,200 to 1,415°C, or after the solid 
10 phase reaction, the system is maintained in such a dry 
oxidizing atmosphere. 

(6) The method according to any one of the above (1) to 

(5) , wherein the thermal spraying is carried out by 
plasma spraying . 

15 (7) A laminate having an oxygen radical-containing 
calcium aluminate film formed on a substrate, 
characterized in that the oxygen radical-containing 
calcium aluminate film is formed by subjecting a powder 
of oxygen radical-containing calcium aluminate to thermal 

2 0 spraying. 

(8) The laminate according to the above (7), wherein the 
oxygen radical-containing calcium aluminate film has a 
thickness of from 5 to 200 pa. 

(9) The laminate according to the above (7) or (8), 

25 wherein the oxygen radical content in the oxygen radical- 
containing calcium aluminate is at least 10 20 cm" 3 . 

(10) The laminate according to any one of the above (7) 



to (9), wherein the substrate is a sintered body of 
zirconium oxide. 

According to the present invention, a calcium 
aluminate powder already containing oxygen radicals at a 
5 high concentration is used as a starting material, and 

such a material is subjected to thermal spraying, whereby 
a calcium aluminate film containing oxygen radicals at a 
high concentration will be obtained, and it is possible 
to easily provide with high reproducibility an oxygen 
10 radical-containing calcium aluminate film having a large 
area or a complicated shape, depending upon the 
particular application, such being industrially very 
useful . 

In addition, according to the present invention, a 
15 laminate will be presented wherein a calcium aluminate 

film containing oxygen radicals at a high concentration, 
is formed on the surface of a substrate having a desired 
shape and properties, and such a laminate is suitable for 
an application as e.g. an oxidation catalyst or an ion 
20 conductor and thus is industrially useful. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention provides a method for 
preparing an oxygen radical-containing calcium aluminate 
25 film, characterized in that it comprises subjecting a 

powder of oxygen radical-containing calcium aluminate to 
thermal spraying, wherein the oxygen radical content in 



the oxygen radical-containing calcium aluminate is 
preferably at least 10 20 cm" 3 , particularly preferably at 
least 2xl0 20 cm" 3 . 

As a result of various studies on a method for 
5 obtaining an oxygen radical-containing calcium aluminate, 
the present inventors have found that when a calcium 
aluminate powder is used as a starting material powder 
and subjected to thermal spraying, a calcium aluminate 
film can be obtained, and at that time, the crystallinity 

10 of the calcium aluminate powder is substantially 

maintained, and by utilizing such a nature, by using a 
calcium aluminate powder already containing oxygen 
radicals, it is possible to obtain an oxygen radical- 
containing calcium aluminate, whereby the above-mentioned 

15 problem of the prior art can be solved all at once. 

Thus, the present invention is based on such a discovery. 

In the present invention, the calcium aluminate is 
constituted by Ca, Al and O (oxygen) as the main 
elements, and its main mineral phase is crystalline 

20 12CaO- 7Al 2 0 3 (Ci 2 A 7 ) . The calcium aluminate may further 
contain mineral phases such as 3CaO • A1 2 0 3 (C 3 A) , 
CaO-Al 2 0 3 (CA) , CaO-2Al 2 0 3 (CA 2 ) and CaO • 6Al 2 0 3 (CA 6 ) . 
However, only crystalline Ci 2 A 7 has a nature to include 
oxygen radicals at a high concentration of preferably at 

25 least 10 20 cm" 3 , particularly preferably at least 2xl0 20 
cm" 3 . 

In order to make the main component of the calcium 



aluminate to be Ci 2 A 7 , the molar ratio of Ca:Al contained 
in the Ca source and the Al source as the starting 
materials, is adjusted to be preferably from 0.77:1 to 
0.96:1, particularly preferably from 0.81:1 to 0.90:1. 
5 If the molar ratio of Ca:Al is outside the above range, 
the amounts of C3A and CA being calcium aluminates other 
than C12A7, tend to be large, whereby the nature to 
include oxygen radicals will be impaired, such being 
undesirable . 

10 The calcium aluminate powder to be used in the 

present invention may be obtained from various materials, 
so that the above blend ratio can be attained. The Ca 
source to be used as such a starting material, may, for 
example, be limestone (CaC0 3 ) , slaked lime (Ca(OH) 2 ) or 

15 quick lime (CaO) . Further, the Al source may, for 

example, be alumina (Al 2 0 3 ) , aluminum hydroxide (Al(OH) 3 ), 
bauxite or aluminum residual ash. Among them, it is 
possible to use CaC0 3 and Al 2 0 3 particularly preferably, 
since they are readily available and highly safe. 

20 Calcium aluminate including oxygen radicals at a 

high concentration of preferably at least 10 20 cm" 3 , 
particularly preferably at least 2xl0 20 cm" 3 , can be 
obtained by mixing the Ca source and the Al source, 
followed by a solid phase reaction under a condition 

25 having the atmosphere and the temperature controlled, or 
by a solid phase reaction, followed by maintaining the 
system under a condition having the atmosphere and the 



10 

temperature controlled, preferably for from 1 to 10 
hours. The above-mentioned condition having the 
atmosphere and the temperature controlled, may, for 
example, be a dry oxidizing atmosphere having an oxygen 
5 partial pressure of preferably at least 10 4 Pa, 

particularly preferably at least lxlO 4 Pa, a steam 
partial pressure of preferably at most 10 2 Pa, 
particularly preferably at most 50 Pa, and a temperature 
of preferably from 1,200 to 1,415°C, particularly 

10 preferably from 1,250 to 1,370°C. 

The calcium aluminate including oxygen radicals at a 
high concentration, thus obtained, may be adjusted to a 
particle size of preferably from 10 to 100 )im, 
particularly preferably from 10 to 50 urn, by a method 

15 such as pulverization or sieving, thereby to obtain a 
powder suitable as a starting material for thermal 
spraying. 

The thermal spraying method in the present invention 
may be any method such as a plasma spraying method, a 

20 flame spraying method, an explosion spraying method or a 
laser spraying method. However, a plasma spraying method 
is particularly preferred, which is excellent in the 
uniformity of the film and the adhesion between the film 
and the substrate and which is excellent also in the 

25 safety and economical efficiency. 

The reason as to why in the present invention, a 
calcium aluminate film including oxygen radicals at a 
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high concentration can be satisfactorily obtained by such 
a thermal spraying method, is not necessarily clearly 
understood, but the present inventors consider that the 
reason is as follows. Namely, in a common thermal 
5 spraying apparatus to be used for thermal spraying, when 
the starting material such as a powder is transported to 
a site so-called a spray gun, it is heated to a high 
temperature by a plasma or flame, whereby at least the 
surface becomes a liquid, which will be continuously 

10 jetted from the forward end of the spray gun and will be 
solidified after being deposited on the substrate 
surface, to form a film. 

The calcium aluminate film obtained by the thermal 
spraying method according to the present invention, has a 

15 thickness of preferably from 5 to 200 ]om, particularly 
preferably from 50 to 150 urn, and as is different from 
the film obtainable by the PVD method, the sol-gel method 
or the CVD method, it is crystalline in spite of the fact 
it is formed without heating the substrate. This is 

20 attributable to the fact that as is different from the 
case of the PVD method, the sol-gel method or the CVD 
method, the starting material in the thermal spraying 
method, will not undergo a remarkable state change by 
evaporation or a chemical reaction and will simply be 

25 melted at the surface or in the vicinity thereof by a 
high temperature and thereafter solidified on the 
substrate, whereby the composition and the crystal 
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structure of the starting material are likely to be 
reflected to the film as they are. 

Further, the present invention provides a' laminate 
having an oxygen radical-containing calcium aluminate 
film formed on a substrate, characterized in that the 
oxygen radical-containing calcium aluminate film is 
formed by subjecting a powder of oxygen radical - 
containing calcium aluminate to thermal spraying, wherein 
the substrate is preferably a sintered body of zirconium 
oxide . 

In the present invention, a crystalline calcium 
aluminate film can be obtained without heating the 
substrate, and yet, a thermal spraying method is adopted. 
Accordingly, the material for the substrate is not 
restricted by the heat resistance, the reactivity or the 
thermal expansion coefficient and can be selected within 
a wide range, and various laminates can be obtained. 
Therefore, not only a ceramic substrate, but also a metal 
or glass substrate which has been difficult to use, for 
example, in the PVD method, the sol-gel method or the CVD 
method, may be used. Further, by moving the spray gun at 
the time of thermal spraying, deposition on a substrate 
having a large area or on a substrate having a curved 
surface can easily be carried out. To the substrate, 
pretreatment for surface roughening may be applied, as 
the case requires, in order to improve the adhesion with 
the film. 
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As a preferred embodiment of the present invention, 
a laminate may be mentioned wherein a sintered body made 
of zirconium oxide is used as the substrate. This 
laminate may be employed suitably as an ion source which 
5 provides oxygen radicals or oxygen ions, since a highly 
concentrated oxygen radical-containing calcium aluminate 
film is formed on the surface of the sintered body of 
zirconium oxide wherein movement of oxygen ions is 
possible under a high temperature condition (about 

10 750°C) . Here, the sintered body of zirconium oxide 

(Zr0 2/ which may also be referred to as zirconia) in the 
present invention includes not only a sintered body of 
zirconia alone, but also a sintered body of zirconia 
stabilized by yttrium oxide (Y 2 0 3 , which may also be 

15 referred to as yttria) or calcium oxide (CaO, which may 
also be referred to as calcia) . 

EXAMPLES 

Now, the present invention will be described in 
20 further detail with reference to Examples and Comparative 
Examples. However, it should be understood that the 
present invention is by no means restricted to such 
Examples . 
EXAMPLE 1 

25 A calcium carbonate (CaC0 3 ) powder and an alumina (y~ 

Al 2 0 3 ) powder were mixed so that the molar ratio of Ca to 
Al would be 0.82:1, followed by firing in the atmospheric 
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air at 1,300°C for 3 hours to obtain a white powder. 
After cooling, the X-ray diffraction measurement was 
carried out, and this powder was confirmed to be Ci 2 A 7 . 

Further, the above powder was fired in a dry 
oxidizing atmosphere having an oxygen partial pressure of 
4xl0 4 Pa and a steem partial pressure of 10 2 Pa, at 
1,250°C for two hours. After cooling, the ESR spectra at 
room temperature and at 77 K were measured, and the 
concentrations of 0 2 ~ ion radicals and O" ion radicals 
were obtained from the intensities of the respective 
absorption bands, and they were, respectively, 5xl0 20 cm" 3 
(hereinafter, this powder will be referred to as "oxygen 
radical-containing C12A7 powder"). 

The above oxygen radical-containing Ci 2 A 7 powder was 
pulverized and sieved to obtain a powder of from 10 to 
100 urn, which was loaded on a plasma spraying machine. 
As the plasma gas, a gas mixture of argon and hydrogen 
was used, and thermal spraying was carried out under 
conditions of a current value of 500 A, a voltage value 
of 64 V and a spraying distance of 100 mm on a substrate 
made of steel having the surface roughened by blast 
treatment with A1 2 0 3 blast material of #54. 

The obtained sprayed coating film was confirmed to 
have a thickness of about 150 yim and to be closely bonded 
to the substrate without clearance, by a scanning 
electron microscope (SEM) . Further, by the X-ray 
diffraction measurement, it was confirmed to be 
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crystalline Ci 2 A 7 . Further, the film was peeled from the 
substrate and its ESR spectra were measured, whereby the 
concentrations of 0 2 ~ ion radicals and O" ion radicals 
were obtained and found to be 4xl0 20 cm" 3 , respectively. 
5 EXAMPLE 2 

The oxygen radical-containing Ci 2 A 7 powder of Example 
1 was pulverized and sieved to obtain a powder of from 1 
to 50 urn, which was loaded on a plasma spraying machine, 
and then, thermal spraying was carried out under the same 
10 conditions as in Example 1 on a substrate having one side 
of an yttria (Y 2 0 3 ) stabilized zirconia (Zr0 2 ) disk having 
a diameter of 25 mm and a thickness of 2.8 mm (YSZ-8, 
manufactured by NIKKATO CORPORATION) subjected to blast 
treatment . 

15 The obtained sprayed coating film was confirmed to 

have a thickness of about 100 ]im, to be closely bonded to 
the substrate without clearance, to be crystalline Ci 2 A 7 
and to have concentrations of 0 2 " ion radicals and O" ion 
radicals being 5xl0 20 cm" 3 , respectively, by the same 

20 operations as in Example 1. 
EXAMPLE 3 

Thermal spraying was carried out in the same manner 
as in Example 2 except that in Example 2, instead of the 
disk, a cylindrical yttria stabilized zirconia having an 
25 outer diameter of 17 mm, an inner diameter of 13 mm and a 
length of 3 00 mm (YSZ-8, manufactured by NIKKATO 
CORPORATION) was used, and employed as a substrate by 
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subjecting the outer surface to blast treatment, and the 
sprayed coating film was confirmed to have a thickness of 
about 12 0 yim, to be closely bonded to the substrate 
without clearance, to be crystalline Ci 2 A 7 and to have 
5 concentrations of 0 2 " ion radicals and O" ion radicals 
being 4xl0 20 cm" 3 , respectively. Further, this film was 
operable as an ion source for oxygen ions at 750°C. 
COMPARATIVE EXAMPLE 

In the same manner as in Example 1, a Ci 2 A 7 powder 

10 containing 5xl0 20 cm" 3 of each of 0 2 ~ ion radicals and O" 
ion radicals, was prepared, then molded by a mold and 
further fired in a dry oxidizing atmosphere having an 
oxygen partial pressure of 4xl0 4 Pa and a steam partial 
pressure of 10 20 Pa at 1,390°C for two hours to obtain a 

15 sintered body. A part of the sintered body was 

pulverized and then confirmed to be C 12 A 7 by the X-ray 
diffraction measurement. Further, the concentrations of 
0 2 " ion radicals and O" ion radicals obtained by the ESR 
spectra were 6xl0 20 cm" 3 , respectively. The rest of this 

20 sintered body was processed to prepare a disk having a 
diameter of 50 mm and a thickness of 5 mm. 

Using this disk as a target, a sputter deposition 
film having a thickness of 100 run was formed on a 
substrate made of steel by means of a RF magnetron 

25 sputtering apparatus. The obtained film was confirmed to 
be calcium aluminate having a composition of Ci 2 A 7 by the 
X-ray photoelectron spectrum measurement (XPS) , but no 
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distinct diffraction lines were obtained by the X-ray- 
diffraction measurement, and thus, the film was 
amorphous . 

Further, the sputtering time was extended, and when 
5 the sputter deposition film reached a thickness of 10 )ira, 
the film peeled from the substrate. The peeled film was 
collected, and the concentrations of 0 2 ~ ion radicals and 
O" ion radicals were determined by measuring the ESR 
spectra and found to be at most IxlO 18 cm" 3 , respectively. 

10 

INDUSTRIAL APPLICABILITY 

According to the present invention, thermal spraying 
is carried out by using a calcium aluminate powder 
already containing oxygen radicals at a high 

15 concentration, as a starting material, whereby a calcium 
aluminate film containing oxygen radicals at a high 
concentration, can be obtained. Accordingly, an oxygen 
radical-containing calcium aluminate film having a large 
area or a complicated shape can easily be provided with 

20 high reproducibility, depending upon the particular 
purpose, such being industrially very useful. 

In addition, according to the present invention, a 
laminate is provided wherein a calcium aluminate film 
containing oxygen radicals at a high concentration, is 

25 formed on the surface of a substrate having a desired 

shape and properties. Such a laminate is suitable for an 
application as e.g. an oxidation catalyst or an ion 
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conductor and thus is industrially use 



